At present there are two schools of thought about the respiration of cancer cells. Whereas both agree that tumour tissues exhibit high anaerobic and aerobic glycolysis with an excessive production of lactic acid (Cori & Cori, 1925; Warburg, 1926 Warburg, , 1956 , they differ as to the extent of the operation of the citric acid cycle in these tissues (Weinhouse, 1955; Weinhouse, Warburg & Burk, 1956; Warburg, 1956) . In these studies the activity of certain segments of the cycle has been determined by oxygen consumption and carbon dioxide production procedures (Warburg, 1926; Busch & Potter, 1952; Busch & Baltrush, 1954;  Busch, 1955; Weinhouse, 1955; Warburg, 1956; Ibsen, Coe & McKee, 1958) , by measuring the glycolytic and oxidative enzymes (Sibley & Lehninger, 1949; LePage, 1950; Meister, 1950; Potter, 1951; Weinhouse, 1951; Wenner, Spirtes & Weinhouse, 1952; Beck, 1958) , and the cofactors of the electron-transport system (Dubois & Potter, 1942; Wenner & Weinhouse, 1953; Greenstein, Werne, Eschenbrenner & Leuthardt, 1944) , or by following the utilization of the various intermediates of the Embden-Meyerhof scheme and the tricarboxylic acid cycle (Pardee & Potter, 1949; Elliott & Kalnitsky, 1950; Olson, 1951; Heidelberger, 1953; Busch & Baltrush, 1954) . However, none of these investigators has utilized the simultaneous determination of the amounts and radioactivities of all the members of the citric acid cycle in vitro in the presence and absence of certain added labelled substrates and blocking agents. Such a procedure could reflect the activity of the cycle if an excess of substrate is present despite the fact that the individual cycle acids allegedly serve a 'catalytic' function. There are examples of variations in the amounts of the individual cycle acids under differing experimental conditions, for example, after the addition of specific blocking agents. The present study was designed to employ such a direct approach. The tumour and normal tissue preparations were incubated with [14C]acetate, [14C] succinate or non-labelled malate and the amounts and activities of the -individual cycle acids were determined as described by Dajani & Orten (1958 Triethyltin acetate was kindly supplied by Dr K. E. Moore, University of Michigan, and by the Metal and Thermite Corp., New York City.
Three types of tumour tissues were used: Ehrlich mouseascites-tumour cells, and Walker and LC-18 carcinoma from adult rats. The Walker carcinoma was originally a human adenocarcinoma of the adrenals and the LC-18 carcinoma was originally a human hepatoma. Both had undergone repeated transfers in Fisher strain white rats and were implanted and grown subcutaneously. The normal tissues used for comparison were muscle, liver and isolated liver cells from Fisher strain adult rats and nucleated erythrocytes from Plymouth Rock chickens.
Proceddure
Twenty per cent homogenates of pooled tumour and non-tumour tissues from 8-10 rats were prepared at 50 in 50 ml. of Krebs-Ringer phosphate buffer (pH 7-4) with the use of a Potter-Elvehjem glass homogenizer. To the homogenates were added the following substances, together with the various substrates used, dissolved in 5 ml. of Krebs-Ringer phosphate: L-malic acid, 005 mg.; ATP, 8-0 mg.; DPN, 2-0 mg.; monofluoroacetic acid (where used), 0-5 mg.; sodium malonate (where used), 75-0 mg.; penicillin, 1-2 mg.; streptomycin, 2-4 mg. Sodium fluoride (0-01 m final concentration) was added to the Krebs-Ringer phosphate used in homogenization in order to prevent loss of ATP and DPN by adenosine triphosphatase and diphosphopyridine nucleotidase (NAD nucleosidase) respectively. In an additional series of experiments triethyltin acetate, a recently introduced powerful and complete adenosine-triphosphatase inhibitor (Dr K. E. Moore, personal communication), was added to the fluid mixture used in the homogenization of tissues in the recommended final concentration (1 pm). The supplementary DPN, ATP, as well as triethyltin acetate, were added as a further precautionary measure because there is some evidence that homogenized tissues, particularly certain tumours, exhibit increased activity of adenosine triphosphatase and probably diphosphopyridine nucleotidase.
The amounts of the substrates used are given as subheadings to the appropriate Tables. The addition of these substrates to the tissue preparations followed the procedure described elsewhere (Dajani & Orten, 1958 for incubation in all subsequent experiments. Although a longer period, 18 hr., gave higher values, the picture obtained was similar and the shorter period was adopted. In all of these trial studies excess of substrate was always detected at the end of the experiment. However, after incubation for 24 hr. no substrate remained, and the levels of the cycle acids were diminished. It should be emphasized at this point that all the experimental conditions adopted were also found to support vigorous Krebs-cycle activity in nucleated erythrocytes (Dajani & Orten, 1958) . As a further check, the pH of the mixtures was determined at the end of the 4 hr. period. No significant change had occurred. At the end of the incubation period, the enzymic reactions were stopped by freezing, and the extraction and determination of the citric acid-cycle acids and their 14C-activities followed the procedure that has already been reported (Dajani & Orten, 1958) . The citric acid-cycle acids were extracted with acid-acetone and the amounts and 14C-activities of the individual cycle acids were quantitatively determined after separation by silica-gel-column chromatography by a procedure developed in this Laboratory and described in detail by Dajani & Orten (1958) . Essentially the procedure involved the differential elution of the cycle acids from the silica-gel column by automatically increasing concentrations of tert.-amyl alcohol in chloroform. The eluted acids were collected in an automatic fraction collector and then titrated with standard sodium hydroxide by using a Rehburg microburette. The titrated fractions were then transferred to planchets, evaporated to dryness and the 14C-activities determined in a gas-flow counter. The flow of effluent through the chromatographic column was slowed by the excessive amounts of lipid in the extracts of tumour tissue, resulting in a poor separation of the cycle acids, so the procedure was modified to remove lipid. For this purpose, the aqueous concentrate of the acid-acetone extract was shaken in a separating funnel with ether (10 ml.). After 15 min., the ether layer was transferred to aluminum planchets and evaporated to dryness, and the radioactivity was determined. The aqueous layer was used for determination of the cycle acids (Dajani & Orten, 1958) . No significant loss of cycle acids by this treatment was found in recovery studies.
Preparation of cell 8uspen8io0n. Ehrlich mouse-ascitescarcinoma fluid containing the tumour cells was aspirated from the peritoneal cavity of 20-25 ether-anaesthetized mice. The fluid was pooled and the free cells were obtained by differential centrifuging at 200g for 5 min. and then at 3000g for 15 min. The cells were washed twice with KrebsRinger phosphate and suspended in 50 ml. of KrebsRinger phosphate (pH 7-4), or Krebs-Ringer phosphate containing 20% of clear ascites fluid, to make a 20% ceU suspension. Hepatic cells from normal rats were isolated by the procedure of Branster & Morton (1957) . Nucleated erythrocytes were prepared as described by Dajani & Orten (1958) . These cells were suspended in 50ml. of Krebs-Ringer phosphate, to give a 20% suspension. The rest of the procedure was the same as that given above. Tables 1 and 2 In the studies represented in Tables 1 and 2 , it may be recalled that fluoride was added to the homogenates of the tissues to inhibit adenosine triphosphatase and diphosphopyridine nucleotidase. Since it appears possible that fluoride may not have completely inhibited these phosphatases when present at the elevated levels claimed in tumour tissues, triethyltin acetate was employed as an adenosine-triphosphatase inhibitor in place of fluoride. The results, given in Table 3 , confirm those found when fluoride was used and thus indicate that the lower activity of the cycle, in LC-18 tumour tissues at least, is not due to a loss or destruction of ATP. 9.5 3-4 2-8 3-3 2-7 4-8 4-2 2-9 2-4 3-2 2-5 3-6 2-0 4-6 12-0 The amounts of lactic acid and pyruvic acid in the different tissues were also determined together with the cycle acids in all experiments. The concentrations of these two acids were invariably greater in all tumour tissues studied than in the normal tissues. This observation is in agreement with that of other investigators (Olsen, 1951; Heidelberger, 1953; Warburg, 1956; Weinhouse et al. 1956 ).
RESULTS

Experiments represented in
Because The use of ascites fluid in the incubation medium has been found advantageous by others (Kun, Talalay & Williams-Ashman, 1951; Warburg, 1956) . Indeed, in the present study, the inclusion of ascites fluid in the incubation mixture employed in this and the subsequent experiments increased the concentrations and activities of the citric acidcycle acids over those obtained with Krebs-Ringer phosphate alone. As is evident from the data presented in Table 4 , however, the activity of the cycle is less than that of the normal tissues studied (Tables 1 and 2) . Bioch. 1961, 81 Since high concentrations of DPN have been reported to increase the oxygen uptake of hepatoma and liver mitochondria , the effect of the two concentrations of this cofactor (2 or 5 mg.) on the utilization of acetate by the ascites-tumour cells was studied. In spite of the fact that the addition of DPN did not seem to raise the concentrations and activities of the Krebs-cycle intermediates to any appreciable extent, its inclusion in the incubation mixture, as stated earlier, was continued simply as a precautionary measure.
In addition to the effect of fluoroacetate upon the activity of the Krebs cycle, malonate, a specific inhibitor of succinic dehydrogenase (Pardee & Potter, 1949) ,was also studied. Its use as a blocking agent should result in the accumulation ofsuccinate. The results in Table 4 show that, although there was an accumulation of succinate, this was small. As with fluoroacetate inhibition, this observation points to a reduced activity of the cycle in these cells. This is not in complete disagreement with the experiments in vivo of other investigators (Busch & Potter, 1952) , who demonstrated that several tissues, including five tumours, accumulated succinate in the presence of malonate. Their data were interpreted to mean only that the Krebs cycle is functioning in these tissues, and do not point to the extent of the cycle activity. Despite this finding, however, these authors cautioned against drawing definite conclusions based on their data alone, since succinate may have arisen from sources other than the citric acid-cycle intermediates, e.g. glutamic acid.
The results given thus far strengthen the thesis that the citric acid cycle is operating at a lower level in the tumour tissues studied than in normal tissues. This could be due to a block(s) of an unknown nature either within or outside the cycle, hindering acetate from entering into the cycle. In order to obtain further evidence on the former point, two of the intermediates of the cycle itself were employed as substrates, in addition to acetate.
In one series, non-labelled L-malic acid mixed with labelled acetate was incubated with the tumour-cell suspension. In another, radioactive succinate mixed with non-labelled acetate was used. The results of these experiments are given in Tables 5 and 6 respectively. Again, the data clearly demonstrated that these two intermediates were not utilized by the cycle enzymes better than was acetate alone (Table 4) . This was expected, at least with respect to succinate, since the succinicdehydrogenase activity in tumour tissue is believed to be low (Schneider & Potter, 1943) . Further, the occurrence of a weak electron-transport chain reported by Schneider & Potter (1943) and others (Greenstein et al. 1944 ) could also be a contributing factor. The use of fluoroacetate and malonate as inhibitors, also, did not significantly alter the concentrations of citrate or succinate respectively. This finding is similar to that obtained above when acetate alone was used as a substrate (Table 4) . If there were an impairment in the pathway between acetate and citrate, one of two possibilities, or both, could be a contributing factor(s). Either the activating-enzyme system of acetate which brings about the formation of acetyl-CoA or the condensing enzyme might not be functioning normally. Other studies, however, appear to rule out the latter possibility ). This leaves the former as a possible alternative mechanism.
One could speculate, therefore, that acetyl-CoA may not have been biosynthesized in sufficient quantities or that its production was at such a slow rate that it could not keep pace with the turnover by the condensing enzyme. To explore this point, the systems of the experiments that follow were fortified with 5 mg. of CoA to test its effect on the utilization of acetate or succinate by (Table 7) in an effort to determine whether or not the activating system itself might be defective. Contrary to expectation, no increase in citrate in the presence of fluoroacetate was observed (cf. , with manometric, enzymic and isotopic techniques, that segments of the citric acid cycle proceed, to some extent at least, in tumour tissue. On the other hand, there is also evidence which indicates that the activity of the cycle is of a lower order than that of many normal tissues. The results presented in the present paper, however, indicate clearly that the activity of the citric acid cycle in the tumour tissues studied is of a lower order than that in the normal control tissues. This is based on the interpretation that the concentrations and total 14C-activities of the intermediates in the cycle reflect the amount of material passing through it. Another possible interpretation, on the other hand, is that the lower concentrations of the acids in the tumour tissues could mean that the cycle is as active or even more active in these tissues, provided that the enzyme levels are higher. However, measurement of the levels of certain enzymes of the citric acid cycle and some other related enzymes, have shown that they are either comparable or lower, but never higher, in tumour tissues. The enzymes measured include cytochrome oxidase (Greenstein et al. 1944) , succinic dehydrogenase and cytochrome oxidase (Schneider & Potter, 1943 ), aconitase (Weinhouse, 1951 , malic dehydrogenase (Potter, 1946) , condensing enzyme (Potter & Busch, 1950) , and lactic, oc-oxoglutaric, malic and isocitric dehydrogenases, fumarase, oxaloacetic carboxylase, condensing enzyme and aconitase . Further, an equal or higher activity of the cycle in tumour tissues would require a higher rate of acetate utilization when acetate was used as the substrate. Actually, acetate utilization has been found by several investigators to be much less in tumour than in the normal tissues that they have studied. Pardee, Heidelberger & Potter (1950) measured the oxidation of [1-14C] Busch & Baltrush (1954 (Olson, 1951) . Thus most of the observations in vitro cited above indicate a lower activity ofthe cycle in the tumour tissues studied, as was foumd by a different procedure in the present study.
Further evidence of a diminished activity of segments of the citric acid cycle have been furnished by several experiments in vivo. Potter & Busch (1950) determined the citric acid content of tissues of fluoroacetate-treated rats and found it to accumulate in most tissues with the exception of liver, testis and tumour. The inability of the liver, which is known to exhibit high citric acid-cycle activity, to accumulate citrate was explained on the basis of the occurrence of another pathway for acetate and pyruvate utilization, namely acetoacetate formation. The absence of citrate accumulation in tumour was considered as 'strong evidence that the ability of tumour tissues to form citrate is very low in comparison with a wide variety of normal tissues '. Other experiments on transplanted rat tumour in vivo also showed either no significant acetate or pyruvate oxidation (Busch & Baltrush, 1954; Busch, 1955) , or, with the uptake of glutamate or succinate, activity of only a portion of the citric acid cycle (Nyhan & Busch, 1958) .
Recently Busch, Davis & Olle (1957) have demonstrated that only 'under optimal conditions (i.e. excess of a variety of substrates of the citric acid cycle, pH 7-4, and an atmosphere of 100 per cent oxygen) is the capacity of transplantable rat tumour for production of citrate essentially the same as that of a variety of non-tumour tissues'. Even under such unphysiological conditions as these, their data show that citrate accumulation was significantly greater in the normal tissues than in any of the tumours investigated.
The present study provides a more complete and direct demonstration of a low activity of the entire Krebs cycle in certain tumours. It is evident that, with the exception of the oxaloacetate fraction, which contains an appreciable quantity of acetoacetate, the amounts and activities (Tables 1 and 2) of all the cycle intermediates in liver or muscle were always greater than in the two tumour tissues. The experiments with fluoroacetate furnished further support for this observation. The apparent increase in the oxaloacetate fraction would be expected from the effect of fluoroacetate inhibition of the citric acid cycle and the diversion of a considerable portion of acetate towards fatty acid biosynthesis (Crandall, Gurin & Wilson, 1947) .
The studies of Ehrlich ascites cells gave even more convincing evidence about the status of the cycle in tumours. Here again, the quantities and activities of the cycle acids (Table 4) are decidedly less than those in isolated liver cells or nucleated erythrocytes (Table 8) . Further, the values are less than those for liver or muscle (Tables 1 and 2 ). These differences are also apparent if specific activities, which reflect rate of turnover and hence the extent of the activity of the cycle enzymes, are calculated and then compared. Indeed, the specific activities of the individual intermediates in tumours are definitely much less than their counterparts in the normal tissues.
Although the foregoing observations tend to support the view that the Krebs cycle is of low activity in tumours, they have left undecided the question of whether or not a block(s) exists outside the cycle which could hinder the normal entrance of acetate into it. One could assume either an enzyme or a cofactor, or both, to be the limiting factor(s). As a matter of fact, several cofactors, such as DPN, ATP and CoA, are known to be involved in these reactions and would retard the rate of citrate biosynthesis if they were not present in sufficient quantities. Also, two enzyme systems are recognized as being concerned with the reactions that lead to citrate formation from acetate, namely the activating and condensing enzymes. The latter, however, is not believed to exist in tumours in levels comparable with those in non-tumours were not normally metabolized via the citric acid cycle because of a lack or a subnormal activity of the activating enzyme, it would be reasonable to assume that adding preformed acetyl-CoA would increase the output of citrate in the presence of fluoroacetate. Acetyl-CoA did not produce any such increase in the citrate concentration (Table 8) . It is, of course, possible that acetyl-CoA may also not have penetrated the cell or that it may have been deacylated. The simplest explanation of the inactivity of acetyl-CoA is, of course, that it does not penetrate the cell. However, if it be assumed that permeability and deacylation are not in fact important factors, then these results suggest that there is no deficiency of activating-enzyme activity in ascites-tumour cells and perhaps in other types of tumours. This is supported by the observation that there was a marked increase in the production of acetoacetate and fatty acids; such a finding argues against an impairment in the activatingenzyme system, since acetyl-CoA formation is established to be the first step in the biosynthesis of these substances. This finding would also argue against any possible excessive destruction of ATP and DPN, which, of course, could retard the cycle activity in the tumour tissues employed.
In view of the present findings, together with those in the literature cited, it seems reasonable to conclude that the reactions of the Krebs cycle are of a lower order in the tumour as compared with normal tissues investigated. A diminished amount or activity, or both, of some intracycle enzyme system(s) appears to be the limiting factor. SUMMARY 1. The operation of the Krebs cycle in certain tumour and non-tumour tissues has been studied by measuring the concentrations and 14C-activities of the cycle intermediates when acetate, malate and/or succinate were used as substrates in the presence and absence of the blocking agents, fluoroacetate and malonate. The utilization of these substances by way of the citric acid cycle was less in the Walker, LC-18 and mouse ascites tumours than in muscle, liver (homogenates and isolated intact cells) or nucleated erythrocytes.
2. Addition of adenosine triphosphate and two concentrations of diphosphopyridine nucleotide to the incubation mixture, in the presence of fluoride or triethyltin acetate, did not result in any appreciable increase in the amounts or 14C-activities of the citric acid-cycle members in tumours. Likewise, fortifying the incubation mixture with either coenzyme A or preformed acetyl-coenzyme A failed to produce a significant increase in the quantities and activities of the cycle acids. The only increase was in the lipid and acetoacetate fractions. This was considered to indicate that there was no apparent impairment in the activatingenzyme system or excessive loss of adenosine triphosphate or diphosphopyridine nucleotide in the tumours employed.
3. The cycle intermediates, succinate and malate, were not utilized any better by the tumour tissues than was acetate.
4. In view of the above findings, it is concluded that the lower activity of the cycle in the tumour than in the normal tissues studied is primarily due to some defect in an intra-Krebs-cycle reaction(s).
